VCSELs became dominant laser sources in many short optical link applications such as datacenter, active cables, etc. Actual standards and commercialized VCSEL are providing 25 Gb/s data rates, but new solutions are expected to settle the next device generation enabling 100 Gb/s. Directly modulated VCSEL have been extensively studied and improved to reach bandwidths in the range of 26-32 GHz [Chalmers, TU Berlin], however at the price of increased applied current and thus reduced device lifetime. Furthermore, the relaxation oscillation limit still subsists with this solution. Thus, splitting the emission and the modulation functions as done with DFB lasers is a very promising alternative [TI-Tech, TU Berlin]. Here, we study the vertical integration of an ElectroAbsorption Modulator (EAM) within a VCSEL, where the output light of the VCSEL is modulated through the EAM section. In our original design, we finely optimized the EAM design to maximize the modulation depth by implementing perturbative Quantum Confined Stark Effect (QCSE) calculations, while designing the vertical integration of the EAM without penalty on the VCSEL static performances. We will present the different fabricated vertical structures, as well as the experimental electrical and optical static measurements for those configurations demonstrating a very good agreement with the reflectivity and absorption simulations obtained for both the VCSEL and the EAM-VCSEL structures. Finally, to reach very high frequency modulation we studied the BCB electrical properties up to 110 GHz and investigated coplanar and microstrip lines access to decrease both the parasitic capacitance and the influence of the substrate.
INTRODUCTION
Vertical-Cavity Surface-Emitting Lasers (VCSEL) are of high interest since their creation in the 70's and huge developments during the 90's leading to their first commercialization in 2001 by IBM.
1 Indeed, they present several advantages compared to edge-emitting lasers such as low drive current, high conversion efficiency, small footprint and so dense integration on wafers and low power consumption. Furthermore the circular beam shape enables an easy coupling in optical fibers for data communications. These advantages have favoured their utilization in various applications as optical mouse, 3D imaging (Project Tango by Princeton Optronics and Google), gesture recognition (Intel RealSense project), more recently in face recognition in new mobile phones and short range data communications. In this last context a lot of improvement have been done to improve the physical and optical properties of the VCSELs. First, the DBR grading and doping has been optimized and the cavity length decreased to reach 40 Gb/s.
2 Then, the efficiency of strained QW in the VCSEL cavity has been demonstrated in 3 for InGaAs material in parallel of the use of double oxide aperture on each side of the cavity. With such design they obtained a 30 GHz bandwidth VCSEL functioning at 50 Gb/s. The same year, with a huge work on the electronics optimization, Kuchta et al. reached 50 Gb/s, 4 then 64 Gb/s 5 and finally 71 Gb/s 6 with a Non Return to Zero (NRZ) modulation scheme which is to our knowledge the highest value for a NRZ-modulated VCSEL. Other modulation format could lead to higher communication speed at the expense of a complex electronics part.
7
To increase even more the VCSEL optical modulation bandwidth splitting the emitting and the modulating part seems to be a very encourageous approach since it decreases the drive VCSEL current and so improves the device lifetime. It also presents the advantage to avoid the physical limit of carrier dynamic. In this context, in 1998 two approaches were studied. Chang-Hasnain et al. developed the first intra-cavity quantum well (QW) 8 in the top DBR of a VCSEL. By applying an electric field on the top mirror, its reflectivity changes and so do the output power of the laser. In parallel, Choquette et al. 9 added another cavity on top of the VCSEL. Here, the modulation is obtained by varying the gain or absorption in one cavity. The main idea of the coupled cavity was widely studied by several group such as Koyama et al. 10 with a lateral integration or vertically in Panajotov et al. [11] [12] [13] The vertical integration of an Electro-Refractive Modulator (ERM) was realized and studied by Schukin et al. [14] [15] [16] and demonstrated very high-speed modulation. However all these studies lead to an important unwanted chirp during the modulation which would be avoided with a feedback-free structure as described in 17 where the decoupling of the two cavities by varying the number of mid-DBR period has been studied. To go further in this research, we propose to study the electrical and optical design of an Electro-Absorption Modulator (EAM) weakly coupled with the VCSEL cavity. Even if in previous studies the ER effect has been prefered since it is not influenced by photocarriers and related processes and is independent on the temperature effect. The EA effect is, for us, preferable since it relaxes the constraint on the epitaxial growth structure, allows a higher optical bandwidth for the modulation spectral window and is a more important phenomena, at a given voltage, than the ER effect which reduces the applied voltage needed.
In this paper we first describe briefly the process flow and the technological unlocks which can limit the fabrication of such double mesa. Then we present first optical measurements as Fourier Transform InfraRed spectriscopy (FTIR), PhotoLuminescence (PL) after epitaxial growth to check the good detuning between the cavity resonance and the exciton position. Finally reflectivity measurements with applied voltage are done to understand the red-shift due to the stark shift effect with different temperatures and we present a fit at room temperature.
TECHNOLOGICAL DEVELOPMENTS AND PROCESS FLOW OF EAM-VCSEL
The global process flow of a double mesa structure with lateral oxidation, sidewalls passivation, metallization, planarization and deferred contacts is pretty complicated and requires several development to perform a good alignment between the optical window and the metallization on top while considering the high-frequency injection in the modulator with a common ground shared with the VCSEL. We describe in this section two major developments useful for the rapid static characterization of EAM with a self-aligned process that we implement to be used for VCSEL process. Then, we describe the innovative BCB planarization with a diverted use of a mechanical press and finally we present the global process flow of the whole structure.
Self-aligned process
To provide a quick feedback for the epitaxial growth of the wafers, we develop a new innovative process. 18 This process, based on previous development for dielectric lift-off, allows the steps sequence as the mesa etch, the sidewalls passivation and the metallisation contact. All these steps are realized with only one single photolithography of a double resist stack and so no alignment are needed. It is thus possible to measure, as described in section 3.2, the modulation depth of the devices in a very short time after their growth.
We also improve this process, for VCSEL devices fabrication, by adding a first photolithography step, before the mesa etch, to do the lateral oxidation for the electrical and optical confinement as described in. 19 
BCB planarization and characterization
One of most important limitation to reach very high-speed communication with VCSEL or vertically integrated modulator on top of VCSEL is the parasitics capacitance. To overcome this issue a polymer of low permittivity is used, Bisbenzocyclobuten (BCB). It presents the advantage of being easyly definable by spin-coatting and is often photosensitive. However, even if its degree of planarisation is pretty high ( > 95%), an overetch during i 111111,1h plasma etch to decrease its thickness will limit the performances of the device. Furthemore the non-homogeneity on all the devices is a problem. In this aim we develop a new process based on the use of a nano-imprint equipment as a mechanical press to surpress the bead ontop of the device. After the BCB spin-coating and the soft bake at low temperature, we put it in a nanonex equipment and apply a pressure of 250 PSI between two membranes at 100
• C. Then the photolithography step can be done to open the via to the ground plane.
In parallel of this technological development, the electrical properties of the BCB are studied. Indeed, it is widely used in high-speed device for electrical insulation but it suffers from a lack of information at very high frequency. This characterization implies a better design of the pads to decrease as possible the parasitic capacitance. The first idea was to measure coplanar line access and have a feedback with ADS simulator to extract the permittivity and the losses of the polyimide. However, the uncertainty of the repeatability of the contact between the probe and the pad complicates the extraction. The best way is so to use the method developed by Ghannam et al. 20 and use several lines with different lengths and widths. We extracted a value of 2.65 in good agreement with the litterature at low frequency but without decreasing at high frequency as it is mentionned by the supplier at 10 GHz.
We have also demonstrated that the doped substrate plays an important role in the losses. Undeniably the magnetic field penetrates more easily in a doped substrate and is thus responsible for Foucault current at its surface while the electric field generates an undesirable leakage current. To avoid these problem two solutions are available, either using an undoped substrate and so have a three electrodes on top, either use a backside contact with doped substrate but with a ground plane insulating the penetration of the field lines.
Global Process flow
Once the technological limitation are separately unlocked, it is possible to combine them and process a combined EAM-VCSEL. Unfortunatelly the self-aligned VCSEL can not be integrated in this process flow but the acquired knowledge are of high interest. The global process flow is partially described in Figure 1 . Figure 1 . Global process flow for a EAM-VCSEL device. a) EAM contact, b) mesa etch, c) ground contact, d) EAM passivation and VCSEL etch and oxidation, e) VCSEL passivation, f) deferred ground and BCB planarisation, g) deferred top contact for high frequency injection
DEVICES CHARACTERIZATIONS

FTIR and PL
After the epitaxial growth of the wafers it is of high interest to have a quick feedback to check the good detuning of the excitonic peak and the cavity and the quality of the cavity resonance with the minimum of reflectivity. To do so, a Fourier Transform InfraRed spectroscopy (FTIR) mapping measurement is done on the whole wafer. It also presents the advantage of having a precise knowledge of the uniformity on the wafer. In figure 2 we thus present the measurement of the two four inches wafers reflectivity at their center (black), at 10 mm (red) from it, 25 mm (green) and 40 mm (blue). The photoluminescence (PL) of the QWs is also plotted in black. We can see that for the wafer A, the uniformity is about 0.28 %. For both wafers the excitonic peak and the Fabry-Perot resonance are located at respectively 836.7 nm and 850.5 nm for the wafer A, and at 837.1 nm and 831.2 nm for the wafer B. 
Optical bench for static modulation measurement
After the self-aligned process for EAM static characterization, it is possible to measure the modulation with an applied voltage between the top electrode and the backside contact and thus at different temperatures. The measurement setup is shown in figure 3 . The white light (WL) is vertically injected through an optical fiber (orange) in the modulator via a lens system ended by a microscope objective x20. A beam splitter is inserted on the path to collect the reflected light which is conveyed in a spectrometer (violet). The horizontal movement of a lens before the spectrometer permits to have an hyperspectral image of the modulator as described in. 21 A normalisation is done d with a gold wafer for the maximum of reflectivity while considering the dark response of the camera. The white light can be substituted by a Tunable Laser Source between 820 nm and 870 nm and so, by measuring the current in the modulator, we obtain a photocurrent measurement which can be linked to the absorption.
Static modulation and feedback
The two wafers called A and B corresponds to respectively undoped and doped DBRs. The expected active region was designed to be the same but variation during the epitaxial growth resulted in a modification of the Fabry-Perot resonance position. However, it is very interesting to measure a first structure where the excitonic peak occurs at lower wavelength than the FP, wafer A, and which is red shifted to FP, wafer B. Results at room temperature (RT) are presented in Figure 4 for both wafers. When the voltage increases, for wafer A, the exciton peak decreases and the reflectivity at the FP resonance increases. This is the absorption effect in a normally-off modulator. Here a modulation of more than 35% is obtained with 50 V on wafer A, and 5 V on wafer B. We can also notice that an increase of the voltage red shifts the FP resonance with the Kramers-Kroning equation, this is called Electro-Refractive effect where an electric field induces a modification of the refractive index of the structure. In the case of Electro-Absorption Modulator this effect is less important than the absorption itself. A modulation of 38 % is obtained with a voltage difference of 17V on wafer A, and 30 % wih 4V on wafer B in good agreement with the litterature. 22 An example of fit is presented in Figure 5 . For the wafer A, a difference can be noticed between the experimental and simulation values of the electric field due its calculation. Indeed, in the simulation we just considered the voltage divided by the global undoped structure thickness and we do not consider only the applied voltage in the active region. With the temperature increase the excitonic peak is more quickly red shifted than the Fabry-Perot resonance. An optimum design of the structure is thus crucial. To understand the physical effects we fitted again our experimental results at higher temperature with the same model used for the EAM optimization and we added the temperature effect and obtained very good agreement.
CONCLUSIONS
In conclusion we have explained the high interest of a modulating part splitted from the emitted one. We described the technological unlocks and their integration in the global process to reach very high speed operation while decreasing the parasitics capacitance. Then, with a combination of FTIR and PL measurements we precisely know the position of exciton and Fabry-Perot wavelengthes in the EAM grown strucutre. We presented our optical bench for the modulation depth measurement function of the applied voltage and the temperature. Thanks to these experiments we are able to integrate the electro-refractive and the temperature effect on the absorption modification.
